Abstract Gastrodin, the major component isolated from the rhizome of the Chinese traditional medicinal herb Gastrodia elata (''Tianma''), has a long history in the treatment of epilepsy and other neurological disorders. However, the molecular mechanisms are not clear. Here, we found that gastrodin ameliorated pentylenetetrazole (PTZ)-induced epileptic seizures with improvement of the electroencephalographic pattern in mice. Further studies demonstrated that gastrodin decreased the levels of the pro-inflammatory cytokines interleukin-1b and tumor necrosis factor-a while increasing interleukin-10, an antiinflammatory cytokine in the brain. Furthermore, gastrodin attenuated the PTZ-induced microglial activation along with inhibition of mitogen-activated protein kinases, cAMP response element binding protein, and NF-jB. Our data suggest that gastrodin attenuates seizures by modulating the mitogen-activated protein kinase-associated inflammatory responses.
Introduction
Epilepsy is one of the most common chronic brain disorders, characterized by frequently repeated seizures [1] as well as emotional and cognitive dysfunctions [2, 3] . Around 50 million people worldwide suffer from epilepsy [4] . It is well known that transient aberrant hypersynchronous electrical activity of brain networks caused by an imbalance of excitation and inhibition is the major cause [5] . Epilepsy seriously affects the quality of life and imposes a huge social and financial burden [6] . A role of inflammation in its development has been reported [7, 8] multiple pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL1b) are increased at the mRNA and protein levels in both patients and rat models of epilepsy [9] [10] [11] [12] [13] [14] .
A lower seizure threshold accompanies the overexpression of TNF-a in transgenic mice [15] . A single nucleotide polymorphism of IL-1b has been associated with temporal lobe epilepsy [16] , and knock-down of IL-1b signaling not only delays the occurrence of stage 5 seizures and prevents seizure generalization, but also increases the threshold for after-discharge induction [17] . Meanwhile, some anti-inflammatory cytokines such as IL-10 decrease in the mouse brain after convulsive seizures are elicited [18, 19] . Clinical data have shown that the level of IL-10 is significantly decreased in patients with incurable epilepsy [20] . These data suggest that inflammatory factors play key roles in epileptogenesis. Hence, regulating the associated inflammatory factors might be a therapeutic strategy for epilepsy.
Gastrodin is a traditional Chinese herbal medicine which has long been used for the treatment of neurological disorders and has been shown to be effective for neurodegenerative diseases [21] [22] [23] [24] , pain [25, 26] , and mental illness [27] . It has been reported that gastrodin protects cultured hippocampal neurons from Ab-induced neurotoxicity by regulating the extracellular signal-regulated kinase 1/2 (ERK1/2)-Nrf2 pathway [28] . Gastrodin also inhibits the apoptosis of dopaminergic neurons in a model of Parkinson's disease [21] . Furthermore, the neuroprotective effects of gastrodin have been confirmed in the rat model of transient middle cerebral arterial occlusion and oxygen/glucose deprivation as well as in rat hippocampal neurons with glutamate-induced injury [29] . However, the effect of gastrodin on seizures and the underlying mechanisms are not clear.
In this study, we induced seizures in mice by intraperitoneal injection of pentylenetetrazole (PTZ) [30, 31] and studied the effects of gastrodin on the induced seizure behaviors. We also investigated the mechanisms underlying these effects.
Materials and Methods

Antibodies and Chemicals
Gastrodin and PTZ from Sigma-Aldrich (St. Louis, MO) were dissolved in distilled water. Mouse monoclonal antibodies against IL-1b, TNF-a, ERK 1/2, phospho-ERK1/2, c-Jun N-terminal kinase (JNK), phospho-JNK, p38 MAPK (p38), and phospho-p38 were from Cell Signaling Technology (Beverly, MA). Rabbit polyclonal antibodies against IL-10, phospho-IjB-a, phospho-CREB, CD11b, and b-actin were from Abcam (Cambridge Science Park, Cambridge, UK). All antibodies were diluted at 1:1000 for Western blotting, and at 1:200 for immunofluorescence.
Animals
Healthy adult male C57BL/6 mice were purchased from the Experimental Animal Center of Tongji Medical College, Huazhong University of Science and Technology. All were housed with food and water accessible ad libitum. All animal experiments were performed according to the 'Policies on the Use of Animals and Humans in Neuroscience Research' revised and approved by the Society for Neuroscience in 1995. Mice were kept under a 12-h light/dark cycle with lights on from 07:00 to 19:00 and for further studies the mice were sacrificed after isoflurane inhalation anesthesia, (2%-3% for induction and 1.5%-2% for maintenance).
PTZ Model
The protocol for acute PTZ used the method of Dhir [32] . The mice were kindled by intraperitoneal (i.p.) injection of PTZ (90 mg/kg, 0.1 mL/100 g body weight). During 2-30 min after the injection, mice that showed 3 consecutive seizures reaching Stage 4 or above, meeting the criteria of the model, were used as the model mice. Up to 24 h after injection, the model mice were randomly divided to receive no further treatment (Ctrl group), administration of the same volume (0.1 mL/100 g body weight, i.p.) of normal saline (EP-NS group), 50 mg/kg gastrodin (EP-GS 50 mg/kg group), 100 mg/kg gastrodin (EP-GS 100 mg/kg group), or 200 mg/kg gastrodin (EP-GS 200 mg/kg group). After another 2 h, PTZ (35 mg/kg) was injected into mice in the EP-NS group and the groups with the 3 doses of GS to re-induce seizures.
The seizure stages were evaluated as follows [32, 33] 
Behavioral Test
We measured the latency from PTZ injection to myoclonic jerks, the first observable behavioral response, and the latency from PTZ injection to generalized tonic-clonic seizures. The behavioral changes were recorded for 30 min (n = 15). The seizure score was evaluated as follows [32, 33] : Score 0, no behavioral seizure; Score 1, myoclonic jerks; Score 2, Straub's tail; Score 3, clonus. After the behavioral test, the mice were humanely decapitated under inhalation anesthesia for Western blotting and immunofluorescence.
Stereotaxic Surgery
PTZ model mice (n = 3-5) underwent stereotaxic surgery 2 weeks before the electroencephalogram (EEG) test. Electrodes made from polyimide-insulated stainless-steel wires (outside diameter, 100 or 75 lm; resistance, 0.87-1.50 X/ cm) were implanted into the cortex. Surgical procedures were as described by Wu et al. [34] . Briefly, the isofluraneinhalation anesthetized mouse was placed on a stereotaxic frame. After skin incision and exposure of the skull, three small holes (diameter [0.5 mm) were made with an automatic micromanipulator drill and a mini-drill bit. Two electrodes were placed into the temporal cortex (bregma, -1.1 mm; lateral, 1.8 mm; depth, 1.1 mm). Then the third electrode, the reference electrode, was placed into the contralateral cortex at a proper position near the parietal cortical recording site. After these electrodes were located at the desired sites, they were fixed and covered with acrylic. After the acrylic dried, mice were released from the stereotaxic frame and returned to the home cage.
EEG Recording
All mice fully recovered from the surgery and showed no neurological deficits. EEGs were recorded via amplifiers and extended head-stages (Model-300, AM Systems Inc., Carlsborg, WA). The head-stage was connected to the electrode via wires. EEG signals were recorded in the frequency range 0.01-1,000 Hz and amplified 1000-2000 times before digitization. EEG was monitored for 12 h. Data acquisition, storage, and analyses used Pclamp software (Molecular Devices, San Francisco, CA).
Western Blotting
The cortex was removed and samples were homogenized at a ratio of 9.0 mL buffer/1.0 g tissue in a buffer containing (in mmol/L): 10 Tris-HCl (pH 7.6), 50 NaF, 1 Na 3 VO 4 , 1 EDTA, 1 benzamidine, 1 phenylmethylsulfonylfluoride, and a mixture of protease inhibitors (2 mg/L each of aprotinin, leupeptin, and pepstatin A). The tissue homogenate was added to one-third volume of 49 sample buffer containing 200 mmol/L Tris-HCl (pH 7.6), 8% sodium dodecyl sulfate, and 40% glycerol, boiled in a water bath for 10 min, and then sonicated for 5 s. The lysate was centrifuged at 12,000 g for 15 min at 25°C. The supernatant was stored at -80°C for Western blotting analysis.
Immunofluorescence
For immunofluorescence, mice were deeply anesthetized with isoflurane inhalation and sacrificed by intracardiac injection of 0.9% NaCl at 37°C followed by fixative (4% paraformaldehyde in 0.1 mol/L PB, pH 7.4, at 4°C). The brain was removed, post-fixed in the same fixative overnight, and then cut into sections on a vibratome (S100, TPI; Leica, Nussloch, Germany). Thirty-micrometer sections were cut in the coronal plane near the positions of the electrodes, immersed in 0.1 mol/L PB (pH 7.4), washed three times for 10 min each in the same buffer, and treated with 0.3% hydrogen peroxide-0.5% Triton-X 100-PBS for 20 min at room temperature to quench endogenous peroxidases and to rupture membranes. Subsequently, sections were incubated in 3% normal goat serum in PBS for 30 min followed by incubation with primary antibodies against IL1b and CD11b overnight at 4°C. Finally, Alexa Fluor546-conjugated and Alexa Fluor488-conjugated secondary antibodies (1:200, Invitrogen, Rockville, MD) were used for immunofluorescence. The images were visualized under a laser confocal microscope (LSM510; Carl Zeiss, Inc., Thornwood, NY).
Statistical Analysis
Data are presented as mean ± SD, and were analyzed with SPSS software (Version 16.0; SPSS Inc., Chicago, IL). One-way ANOVA followed by the LSD post hoc test was used to determine statistical significance. Null hypotheses were rejected at the 0.05 level.
Results
Gastrodin Ameliorates the Intensity and Increases the Latency of Seizures as well as Improving the EEG Pattern
For ethological testing, we first established the acute seizure model in mice by i.p. injection of PTZ. Then we tested the effect of gastrodin on seizures using rating scales [32] . We found that 200 mg/kg gastrodin significantly reduced the intensity of seizures compared with the EP-NS group (Fig. 1A) . Meanwhile, both the 100 mg/kg and 200 mg/kg EP-GS groups showed significantly longer latencies to reach the myoclonic jerk (Fig. 1B) and generalized tonicclonic seizure stages (Fig. 1C) than the EP-NS and 50 mg/ kg EP-GS groups. These data suggested that PTZ efficiently induces seizures and gastrodin alleviates them.
To further verify whether the increased latency and the decreased intensity in the EP-GS groups were due to reduced seizures, we examined the EEG in freely-moving PTZ model mice. The EP-NS group displayed ictal polyspike activity accompanied by stereotypical seizure behaviors with a typical duration (Fig. 2B) . In the EP-GS 200 mg/kg group, the frequent generalized spike-and-wave discharges became infrequent and progressively stabilized at an average of 5-10 discharges/h. The frequency within a discharge ranged from 2.3 to 15 Hz, most discharges occurring at 5-6 Hz (Fig. 2C) . Unlike the ictal polyspike activity in the EP-NS group, the spike-and-wave discharges in the EP-GS 200 mg/kg group were much shorter in duration (4-5 s) and did not involve a behavioral component. Such brief spike-and-wave discharges did not occur in the control group (Fig. 2A) . These data showed that gastrodin attenuates PTZ-induced seizures by inhibiting the abnormal synchronous discharges.
Gastrodin Modulates Inflammatory Responses and Inhibits IL-1b Expression in CD11b
1 Microglia in PTZ Model Mice Pro-inflammatory and anti-inflammatory cytokines have been implicated in experimental seizure models and in clinical cases of epilepsy [35] . To explore the underlying protective mechanisms of gastrodin, we investigated whether it could modulate the expression of pro-inflammatory (IL-1b and TNF-a) and anti-inflammatory (IL-10) cytokines in the model mice. The protein levels of IL-1b and TNF-a were higher while IL-10 was lower in the EP-NS group than in the control group. However, the protein levels of IL-1b and TNF-a were lower, while the level of IL-10 was higher in the EP-GS group than in the EP-NS group (Fig. 3A, B) . These data suggested that gastrodin alleviates PTZ-induced neuroinflammation in the brain.
As IL-1b is primarily synthesized by activated microglia [36, 37] , glia-mediated inflammation may play a role in the pathogenesis of seizures [38] . We found CD11b
? microglia cells in the temporal lobe. Double immunofluorescence staining confirmed that IL-1b co-stained with activated CD11b
? microglia in the EP-NS group, while the number of IL-1b-positive cells noticeably decreased in the EP-GS group (Fig. 4) . These data suggested that gastrodin reduces IL-1b in the microglia of the PTZ model mice.
Gastrodin Inhibits MAP Kinase Phosphatase-1 (MKP-1)/Mitogen-Activated Protein Kinase (MAPK) Signaling in PTZ Model Mice
Since inflammatory responses involve the activation of MAPK [39] , we examined the alterations of MAPK signaling (ERK1/2, JNK, and p38) by Western blot. We found that the phosphorylation of ERK1/2, JNK, and p38 was higher in the EP-NS group than in the control group, and gastrodin treatment reversed this effect (Fig. 5A, B) . No difference was detected in the total protein levels of ERK1/ 2, JNK, and p38 among the three groups (Fig. 5A, B) . These data suggested that gastrodin attenuates the PTZinduced activation of the MAPK signaling pathway in the brain.
MKP-1 can dephosphorylate MAPK to inhibit the activity of ERK, JNK, and p38 in the stress reaction [39, 40] , and thus participates in the regulation of the inflammatory reaction, so we also measured MKP-1. The results showed that gastrodin treatment increased the phosphorylation level of MKP-1 compared with the EP-NS group (Fig. 5C, D) , suggesting the involvement of MKP-1 activation in the gastrodin-induced inhibition of MAPK.
Gastrodin Suppresses PTZ-Induced Phosphorylation of IjB-a and CREB
Inflammatory signals induce CREB phosphorylation [41, 42] , which further inactivates NF-jB and thus inhibits the inflammatory response [43] , while phosphorylationdependent IjB-a degradation activates NF-jB. Therefore, we measured the phosphorylation levels of CREB and IjBa and found that PTZ treatment remarkably increased these levels, while gastrodin attenuated them (Fig. 6 ). These data suggested the involvement of IjB-a and CREB in PTZinduced seizures and the anti-inflammatory effects of gastrodin. Gastrodin Alone Did Not Influence the Expression of IL-1b, p-p38, p-MKP-1, p-IjB-a, and p-CREB in Normal Mice
We further investigated whether gastrodin had an effect on the above key pro-inflammatory factors and kinases. The results showed that gastrodin did not change the expression of IL-1b and the phosphorylation levels of p38, MKP-1, IjB-a, and CREB (Fig. S1 ). These data suggested that gastrodin plays a role only in the stress state.
Discussion
Epilepsy is a group of central nervous system diseases with characteristic seizures, repeatability and muscle rigidity [44, 45] . Abnormal synchronous discharge of neurons and its spread lead to the occurrence and development of epilepsy [46] . Gastrodin, a constituent of the traditional Chinese herb ''Tianma'', has a long history as an anti-epilepsy drug. PTZ-induced seizures in mice provide a powerful animal model in which to search for new antiepileptic drugs [47, 48] .
Clinical effectiveness is fundamental for anti-epilepsy drugs, including preventing seizures and reducing their frequency and intensity. In the present study, we demonstrated that gastrodin improved seizures by reducing their intensity and extending the latency of myoclonic jerks and/ or generalized tonic-clonic seizures in a dose-dependent manner. EEG provides the highest precision in estimating the location and boundaries of an epileptogenic zone [49] . Meanwhile, electrophysiological analysis revealed that the persistent polyspike discharge induced by PTZ was converted to incidental polyspike discharge by gastrodin. Our data exhibited a positive action of gastrodin on both the behavioral presentation and electrophysiology of epilepsy.
Epilepsy is closely associated with an imbalance between pro-inflammatory and anti-inflammatory responses [50] [51] [52] [53] . Here, we found that gastrodin inhibited the expression of IL-1b and TNF-a, with a simultaneous increase of IL-10. IL-1b and TNF-a are pro-inflammatory cytokines released by activated microglia during brain inflammation, while IL-10, an anti-inflammatory cytokine, suppresses the functions of T lymphocytes and mononuclear cells against many pro-inflammatory cytokines [54] [55] [56] . In the brain, a number of stimuli such as PTZ, Ab, and traumatic injury stimulate the production of IL-1b and TNF-a [57] [58] [59] . Excessive pro-inflammatory cytokines from activated microglia have a toxic effect on neurons, while IL-10 modulates the ischemia-induced Ca 2? flow into neurons [60] , reduces Ab plaque formation, and ameliorates the cognitive behavior in amyloid b precursor protein transgenic mice [61] . Our data suggested that gastrodin attenuates PTZ-induced seizures by modulating microglia-mediated inflammatory responses.
Dysregulation of glial functions may cause seizures or promote epilepsy [53] . Due to the lack of evident electrical excitability and synapses, glial cells exhibit electrophysiological 'silence' in the brain. Recently, accumulating evidence has shown that activated glia release cytokines, 
Fig. 4 Gastrodin inhibited IL-1b expression in CD11b
? microglia in the temporal lobe of PTZ model mice. In the EP-NS group, IL-1b was found exclusively in activated CD11b
? microglia in cortex (arrows). IL-1b expression was remarkably decreased in the EP-GS group, and a few IL-1b
? cells did not overlap with CD11b ? cells (arrows). Scale bar, 20 lm.
which induce transcriptional and post-transcriptional signaling in the glial cell itself and in nearby cells. For example, microglia release IL-1b [62] . From our results, double-labeling of IL-1b and CD11b revealed that the great majority of IL-1b-immunoreactive cells are microglia, as identified by CD11b immunoreactivity in the temporal lobe from the seizure groups. Conversely, CD11b-positive microglia had decreased IL-1b immunoreactivity in the EP-GS group. These data suggested that gastrodin modulates the functions of microglia.
Inflammation, ischemia, apoptosis, and other pathological mechanisms are associated with regulation of the MAPK signaling pathway [63] [64] [65] . MAPK, consisting of three major subgroups, ERK1/2, JNK, and p38, plays a key role in transducing various extracellular signals to the nucleus and regulating cell growth and differentiation. The expression of pro-inflammatory and anti-inflammatory cytokines is under the control of various transcription factors, which are also regulated by the MAPK signaling pathway [66] . Our results showed that gastrodin inhibited the MAPK signaling pathway by reducing ERK1/2, JNK, and p38 phosphorylation in vivo. This implied that gastrodin enhances ERK1/2, JNK, and p38 dephosphorylation. MKP-1, another member of the MAPK family, is capable of dephosphorylating and inactivating various members of this family [66, 67] . It is known that MKP-1-deficiency enhances the phosphorylation of p38 and JNK [40] . We found that the phosphorylation level of MKP-1 increased in mice given gastrodin. These data suggested that gastrodin blocks the MAPK signal pathway via enhancing MKP-1 phosphorylation. NF-jB and CREB play important roles in the transcriptional regulation of inflammatory mediators [68] [69] [70] [71] . CREB is the physiological substrate of MAPK and stressactivated protein kinase-1, which is activated by ERK1/2 and p38 MAPK-mediated signaling in response to various stimuli. We found that CREB activation was markedly stimulated by PTZ, and this activation was significantly inhibited by treatment with gastrodin. NF-jB is maintained in the cytoplasm by binding to IjB-a. Activation of NF-jB via phosphorylation of its endogenous inhibitor IjB-a results in the release and nuclear translocation of active NF-jB [64] . These data further support the role of inflammatory responses in the action of gastrodin. Clinical anti-inflammatory treatment can control seizures that are resistant to conventional antiepileptic drugs in some syndromes [72, 73] . Our data suggested that gastrodin is a promising candidate for treating epilepsy.
Taken together, we found here that gastrodin attenuates PTZ-induced seizures via mechanisms involving the modulation of MAPK-associated inflammatory responses in microglia.
